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Laboratory Evaluation of a Method Proposed by Gnam
for Measuring the Temperature of Rotating Pazrts
By Andrew 1. Dahl and Paul D. Freeze

A thermotouple application suggested by Gnam for measurlng the temperature of
Trotating parta without slip rings or telemetering hae been investigated, A rotating eirouit,
conziating of & thermocoupls in garles with the rotor coils of a converter, and B staticoary
eirouit, consisting of the stator eeoila of the converter and a transformer, are linked magnet-
ically. Ooo thermocouple junction is fized to the rotating parct whose temperature is to be
measured, and the other protrudes from a hollow shaft into a furnace.  The termperature of
the rotating part ie stationsry cicewit, an determined by an oscilloncope, used as a noll indi-
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Ag one phase of & project at the National Burean
of Standards sponsored by the Bureau of Ships,
Department of the Navy, for studying means of
measurng temperatures of interest in opersting
gas torbines, a method proposed by E, Gnam * for
detcrmining the temperature of rotating parts,
such a3 turbine blndes, has been evaluated. The
propoeed method seemed attractive, a3 it involved
neither slip rings nor telemetering.

The small-scele apparatus uzed in these tests
differs considerably from that of Gnam and was
not inteoded as a prototype for installations on
actual turbines. However, it is believed that the
present resulta show that full-scale application
would be practicable and provide the basic infor-
mation required for designing a service unit.

II. Laboratory Test System

The basic elements of the measuring system can
he explained by reference to a schematic diagram,
figure 1. Two separate circuita, linked magnet-
ically, are involved. All parts of ome circuit
rotate, while ali partz of the other are stationary,

The rotating circuit consists of a nickel-chromel
thermocouple in zeries with the moving ceils of a
speciglly designed converter. Oue junciion is lo-
cated on & rotating part whose temperature is to

L A mew apparatas lor measaring the temperatura gt maohiee parks rtating
st high speeds, E. Goem, NACA Tedhnies] Memorandum Mo, 1080, April
1946, Ciiginal in Motortechnisehe E. 5. Mo, 10, 388 (0oL, 1843},
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Full-serle application of this gystem deers practicable.

be determined, and the other is ecoaxial with and
protruding from the hollow shaft of the converter.
The protruding junetion iz surrounded by a furnaca
whose temperature can be controlled and measured
by conventional means. When its temperature is
equal to that of the second junction, the only emfs
in the rotating circuit are strays that cap be kapt
very small.

The stationary cirenit consista of the fixed ccils
of the converter comnected t¢ gn impedance-
matching transformer and an cacilloscope for
indicating output.

The details of the converter used in the labora-
tory teats are shown in figure 2. In desighing this
converfer, representativos of the Electricity and
Opties Division of the National Bureau of Stand-
ards were concerned initially as to whether ade-
quate sensitivity could be achieved and particularly
ap to the proper width of the air gaps in the mag-
netic circuit. It seemed desirable, therefore, to
build the laboratory unit with the pele faces
normal to the axis of the shaft and to provide for
adjusting the paps by changing the position of the
rotor on the shaft.

It alzo scemed desireble to comnect the two
coils of each ecircuit by magnetic eircuits of high
permeability. Henece the two poles (each ¥ in.
diameter by ¥, in. long) of each unit were ma-
chined on the end of an appropriate cylinder of
Mn metal. A eylindrical shield of Mu metal was
provided to shield the coils from external meg-
netic fialds. All Mu-metal partz were finally
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pnnenled in hydrogen for 4 hours at abouwt 2,000°
Lo improve the permeability, which is normally
decreazed by cold working,

Each of the four coils was wound with 85 turns
of No, 26 msulated copper wire.  The two rotor
colls were connecled in series, as were the two
The rotor unin was attached to the
The stator unit and the

stator coils.
shaft by set screws.
exlindrieal shield were mounted inoa brass housing
aegured to the base,

Figure 3 shows the apparatus used i these tests,
The shaft iz o steinless steel tabe ((%-in. outside
dipmetor and  0.06-in. wall) provided with Rve
pillow-block ball hearings seeured to o plane st
These hearings ean be identified by
the vertieal oilers, The longitwdingl position of
the shaft is fixed by & ball thrust bearing ot the
extrome left,

The disk nsed Lo simulate o turbine wheel is
i in. in diameter and hoin. thick, with Gve equally
spaced radhal slots to redoce warping when lame
15 applied at the periphery.  One junetion of the
thermocouple can be seen in pn almost vertical
position on the near side of the disk.

iren base,

To the rear of the disk stands o metal box,
purtly open on the left, which was set over the
disk during the tests, Ao oxyvacelylene flume was
directed through the opening in this box to hueal
the periphery of the disk.

Temperature of Hotating Parts

uardd &n leals,

The shaft is driven through a light fabric beli by
i vartablespeed alternating-current motor,  Final
adjustment of the shalt speed to any chosen value,
as indicatod by a Strobotae, was made by applying
w rubber brake to the left face of the mmtor
pilley.

The econverter is shown in its mount. between
the last two bearines on the vight. Near the
right-hand bearing and surrounding the shaft is
thie exlindrieal shield of Mu metal, which, during
aperation, is moved to the left to surround the
eoils of the copverter that are boavely visible
beeguze of their 2maell size.

Mounted at the right of (he base plute and
concentriec with the shaft s the tube furnace,
which surrounds the second junction of the ro-
tating thermocouple,  The temperatwes of (his
furnace 15 controlled by adjusting a Variae and
mdicated by s chromel-alomel  thermocouple,
The pecessary nstruments, being standsed items,
are not shown in the photograph.

One of the problems in g system of this type is
to design the rotating thermocouple so that the
pmf penerated by its rolation in external magnetic
fields (sueh as that of the earth) are negligibly
small. "This can be socomplished by making the
two thermoelements conxanl, whiclr in turn can
be aehieved by wsing one in tabular Torme sronnd
the other in the form of an insulated wire. Sibee

603



the thermoelcetric properties of the combination
nickel-chromel P are favorable, end sinee nickel
tubing can be procured and worked with ease, this
construction was used for the rotating couple. A
porcelain tube served to center the thermocouple
and to insulate it from the shaft. The nickel tube
was insulated from the rotating disk by a sleeve of
fiber glass. .

The resistance of the rotating ¢ircuit at room
temperature is about 2.5 ochms, divided about
equally between the rotor coils end the thermo-
couple. All electrical connectione in the stationary
indicating cireuit are made with shiclded wire,

IIl. Calibration and Performance Tesis

Although the measurements in actual eervice
would be made by using the oscilloscope as a null
instrument to indicate equality of temperature of
the two totating junctions, the potentinlities of
the method ¢an be studied hest when the temper-
atures of these two junctions differ by a known
amount. Hence most of the present measure-
ments were of deflections of the ozcilloscope beam.
To make such observations comparable it is neces-
gary to keep the amphfication factor constant,
and this was done, as nearly as was practicahle,
throughout all of the observations reported here,

Beveral series of tests were made, oniy one
operating factor being varied in each.

1. Deflaction Versus Temperature Difference

At a eonstant shaft speed of 5,000 rpm and gap
width of 0.003 in., and with the rotating disk
ab the temperature of the room, the temperature
of the junction rotating within the furnace was
ruized by small increments, with the results shown
in figzure 4. The average deflection under these
conditions was 0.077 in./® F.

The observations shown in figure 4 were made
over & period of several weeks, during which the
gap width was changéd many times. Inability
o regdjust the gap to exactly 0.003 in. is respon-
sible for part of the spread. Some of it was
probably caused by imperfect magnetic shielding
and some by small changes in amplification.

It will be noted that the furnace temperature
had to be made 7 deg F less than the disk tempera-~
ture in order to obtain a minimum deflection, It
iz believed that this effect is proxiuced by residual
magnetism in the Mu metal, which produced &
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Ficorg 4. Senssfindy of 5,000 rpm with on ofr gap o
0008 in,

smail voltage in the stator of the converter when
no current flowed through the rotor coils.

The differences in temperature between furhace
and disk were measured i this tase directly by a
chromel-altmel thermocouple having one junction

_in the furnace and the other at the disk. Since the

junction could not be held against the disk while
the lntter was roteting, measurements of AT were
made before and after each operation, and the
average of these two velues wae plotted in the
figure,

In addition to the effect of residval mag-
petizm, the effocts of external magnetic ficlds
and of unequal air paps were not completely
climinstod, a8 evidenced by  tha fact that the
oscilloscope troce could never be made a hor-
izontal straight line. This trace, howaver, showed
a eudden and marked change when the net voltage
in the rotating circuit was zero. Becaunse of this
sadden change in tha trace, there iz no difficulty
in determining the null condition.

2. Deflection Versus Shaft Speed

Apain the gap was maintained at 0.003 in.,
and three trials were made over the rangs 1,000
to 10,000 rpm. In one the rotating circuit was
open, so that the effect of residual magnetizm
in the magnetic circnit was determined. These
results sre shown in the lower curve of figure 5.
In the others, constant differences of 10 and 20
deg F were maintgined between the furnace and
the disk, with the resulte shown in the upper
curves of figure 5. All of the results show that
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the observed defloction is directly proportional to
thie shaft spesd.

Typieal oscilloscope traces at 6,000 rpm and
with temperature differences of 10 and 20 deg
F are shown in figure 6. The squares on the
oscilloscope seale are 0,1 in. on o =ide.

3. Deflection Versus Gap Width

The maenetic hnkare between the stitor and
rotor of the converter and henee also the voltage
mdueed in o the rotor are o funetion of the width
of the air gaps. With shalt speed ponstant al
6,000 rpm and with a temperatuns
difference of 10 deg ' between the furnoace and
the disk, a series of tests was made ot varions
gap widths [rom 0.002 to 0021 m., with the
A=z was anticipated,

constant

risults shown in figure 7
the sensitivity deerenses rapidly os the aie gap
18 merepsed from o small volue, and this decrease
becomes more gradual as the gap s widened.,
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Frovee 6 Typical saelloseope franey

Wy = 0® Forpm=6,000; b, 2120 17 g,

If it 158 necessary, from a mechanicsl stand-
point, to design the operating unit, with o gap
width that s relatively great, the loss in sen-
sitivity therefrom ean be overcoms by inereasing
From
the date of figure 7 it can be seen that ineressing
the gap width from 0,005 1o 0.01 . reduced the
sensitivity by 30 percent. However, some sen-
sitivity enn b regained by the use of o foue-pole
converter matemd of the presont two-pole con-

the pumber of poles on the converter.

VOrGer,
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4. Teats at Elevated Temparature

In all of the tests that have been discussed,
the digk was at the tempersture of the room.
The results, however, are applicable at higher
temperatures, since the changes in resistance and
in thermeelectric properties of the nickel-chromel
couple with temperature are of secondary impor-
tance.

Performance tests were also conducted by heat-
ing the periphery of tha disk with an oxy-acetylene
flama, A metal housing around the disk during
these tests served to concentrate the flame on the
periphery of the disk and to shield other parts
of the npparatus against overhenting.

At speeds up to 10,000 rpm and disk tempera-
tures to 1,500° F, it was a simple matter to detect
by aye & marked change in the pattern on the
oscilloscope screen when the net emf in the rotat-
ing circuit became zero. Thus there is every
reason to believe that the method can be applied
for measuring the temperatures of retating parts.

IV. Discussion of Possible Full-Scale
Applicafion
It is obvicus that a system such as has been
described would be difficult to install on an exist-
ing full-scale turbine. Actually it seems probable
that provision for installing such a system would
have to be made during the design and construe-
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tion of the turbine. Another serious disadvantage
ia that the system would become quite complicatad
if it werc to be used for messuring the temperature
at more than one point, since a multiple vt
would require either switching from one working
junction to another or a converter for each working
junction. .

Some features of the laboratory unit would
require conaiderable change in full-scale applica-
tion. Principal among these is the air gap in the
magnetic cireuit of the converter. In the labora-
tory appsratus longitudmal movermend of the shaft
was prevented by thrust bearings, and there was
no thermal expansion to contend with. Hence the
width of the gap vould be fixed by positioning the
rotor on the shaft. In the actusl turbine the shaft
may move longitudinnlly, so that the stator of the
converter would have to follow the movement of
the shaft, if gap width is to remain constant. A
mechanism capable of accomplishing spch position-
ing of the stator would be quite complex. _

It iz believed, however, that the converter can
be redesigned along the following lines to elimi-
nate all need for moving the stator. The pole
pieces of bath stator and rotor should be mads
radisl rather than parallel to the shaft, so that the
rotor could be surrounded by the stator, in the
manner indicated in figure 8. The sir gap would
thus be an snnulue, and it seems renzonabla that
the gap between stator and rotor polea could he
of the order of 0.01 in.

If the minimurm practicable air gap is dacided
npon and the normsl apead of the shait is known,
the cirevit and pick-up unit reguired to provide
the desired sensitivity can then be designed. It

L
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FicuRE 8. Schematic dingrom of a converter For full-scale
applications.
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should be noted that if a multipolar unit is to be
unzed, the matching of impedsncss within tha
circuit must be considered. It is believed that e
unit having a sensitivity of 10° F is feasible with
an air gap of 0.01 in. and » shaft speed of 6,000
rpm.

It will be noted that the above estimates pertain

to the accuracy with which the temperature in-
dicated by the messuring junetion ia observed and
oot to the actual temperatura of the turkine
blade. Jf tha measuring junction is completely
- buried in the blade and in good thermal contact
with it, theze two temperatnres may be nearly the
same. .
As to the rotating theymononple itself, the use of
an insulated chromel P wire within a nickel tube
would secm to be well suited for fullecals applica-
tion,

Thea rotating parts of the laboratory apparatus
were not balanced dynamically. Sinece the full-
segle application would be so much larger than
the laboratory version, it i3 possible thaf the
problem of achieving proper balance would ba
more scrious, With radial rotor coils located at
g considerable distanca from the axis of the shaft,

Temperature of Hotating Parls
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it may be necessary to confine the windings
mechanically.

Since the magnetic shielding of tha laboratory
apparatus was not entively sabisfactory, even more
effective shielding should be applied to the full-
scale converter.

V. Conclusion

The present tests on & laboratory scale indicate
that the mefhod examined has considerable
promise for measuring the temnperature of rotaiing
parts. Prineipsal limitations are that the system
wonld be difficult to install on an existing turbine
and that if iz nited for measuring the temperature
wt ont point only. On the basizs of present ex-
perience, several suggestions are made as to the
design of a full-scals unit,

The assietance of ¥, K, Harriz and A. W.
Spinke of the Electricity and Optica Division in
the design of the converter and in improving the
electrical system, and of A. F. Baillie in the
mechanical design and conatruction of the antira
teat system, is gratefully ackmowledged.

WasHINGTON, July 27, 1948,



